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ABSTRACT
Hazellief, Blythe. M.S., Department of Biological Sciences, Wright State University, 2015. Effects
of Agricultural Land Use on Stream Fish Communities in Ohio, U.S.A..
Ohio is a state dominated by agricultural land use. Such land use may directly alter
stream waters and instream habitat, which may, in turn, affect fish communities. To exam-
ine the effects of agricultural land use on Ohio stream fish communities, I analyzed data
compiled by the Ohio EPA, spanning 15 years and including 2,474 statewide sites. For
253 of these sites, I derived land use profiles from the 2011 USGS National Land Cover
Database. While habitat quality was not correlated with agricultural land use, nutrient con-
centrations, alkalinity and total dissolved solids were positively correlated with agricultural
land use within the catchment. Fish community integrity was negatively correlated with nu-
trient enrichment. Populations of Campostoma anomalum, a ubiquitous algae-grazing fish,
were negatively impacted by nutrient enrichment as well. These results give further support
to the body of work which shows that intensive agriculture negatively impacts streams and
their biotic communities.
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Introduction
Agricultural land use alters instream habitat (e.g. Allan et al. 1997) and water quality in
streams (e.g. Johnson et al. 1997). In turn, stream condition affects resident fish com-
munities (e.g. Roth et al. 1996; Miltner et al. 1998). As a nonpoint source of pollution,
agriculture can slowly but significantly impact aquatic ecosystems, with long-lasting con-
sequences (Allan 1995; Johnson et al. 1997; Allan et al. 1997). While ecologists have long
known that catchments influence the streams that drain them, land use is only sometimes
measured as a factor in aquatic ecosystem analysis. However, land use is the only envi-
ronmental factor that can account for human influence on stream ecosystems (Gergel et al.
2002). The health and function of aquatic ecosystems are assessed by agencies such as
the Ohio EPA via stream habitat quality, water quality and biotic integrity. By including
land use as a factor in such analyses, the present study can connect all important factors of
stream health in Ohio.
Streams are defined by the geology and topography of the land they drain, and their
character is defined by the land within their watersheds (Hynes 1975; Allan 2004b). Head-
waters contribute to small streams, which contribute to larger streams and small rivers,
eventually culminating in major river systems. The majority of land in Ohio drains into
the Ohio River, a majority tributary of the Mississippi, while a smaller fraction of the state
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drains into Lake Erie in the north. As is the case with most states in the Midwest, land
use in Ohio includes a large amount of agriculture. The body of research to date implies
that land use within the catchment impacts water quality within the streams that drain that
land. Impacts that occur in headwaters and small streams may seem less significant than
the major events occurring in larger bodies of water, but poor water quality is cumulative
within a river system.
Agricultural land use has been shown to alter instream habitat in lotic systems (Allan
et al. 1997; Diana et al. 2006; Richards et al. 1996). In agricultural areas, streams are chan-
nelized (straightened and dredged) to more efficiently drain the land and maximize the area
used for cultivation. Channelization is often completed with deforestation of the riparian
buffer, which increases light exposure to the stream reach, increases water temperature, and
decreases allochthonous carbon inputs (Allan 1995; Cushing & Allan 2001). Channeliza-
tion alone can completely alter the physical structure of a stream and shift smaller streams
toward autotrophic energy bases (Allan 1995). Agriculturally developed land is also more
susceptible to erosion, and channelized streams are less protected from runoff from the
landscape (Schlosser & Karr 1981), causing streams to have higher sediment loads and nu-
trient levels from fertilizers (Johnson et al. 1997). These effects culminate in an increase in
sedimentation, decrease in instream cover, and increase in primary production in streams.
Such changes to physical stream habitat and function can have major impacts on resident
biotic communities. Measures of fish community integrity are positively correlated with
habitat quality (Roth et al. 1996; D’Ambrosio et al. 2009), as are other diversity measures
(Kautza & Sullivan 2012). While classic diversity measures are insightful, regionally-tuned
indices of biotic integrity may capture the structural integrity of fish communities more ac-
curately.
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Agricultural land use has also been shown to impact water quality in streams (Heatherly
2014; Johnson et al. 1997; Moerke & Lamberti 2006; Riseng et al. 2011). Nutrient enrich-
ment and increased sedimentation occur in streams in areas of intensive agriculture; water
quality has been shown to be inversely correlated with agricultural land use in the catch-
ment, most notably with increased nutrient concentrations (Johnson et al. 1997; Heatherly
2014; Moerke & Lamberti 2006). Water quality has long been the focus of aquatic con-
servation efforts, but water pollution from nonpoint sources has only more recently been
recognized as a significant contribution to the water quality problem in the US. Water qual-
ity can impact fish community integrity in small streams (Miltner et al. 1998; Moerke &
Lamberti 2006). Even though water quality conditions in small streams rarely reach toxic
levels (Allan 2004a), the eutrophication of streams accumulates downstream and eventu-
ally contributes to large scale water quality problems, e.g. the hypoxic zone in the Gulf of
Mexico. The low levels of nutrient enrichment associated with agricultural land use have
been shown to impact fish communities by decreasing the abundance of herbivorous fish
and increasing the abundance of tolerant species (Taylor et al. 2014). Miltner et al. (1998)
have shown that the biotic communities in headwater and wadeable streams in Ohio are
similarly affected by nutrient enrichment, and that biotic communities in streams (drainage
area < 200 square miles) respond differently from biotic communities in rivers (drainage
area > 200 square miles). While previous conservation efforts have focused on the reduc-
tion of point source pollution, nonpoint sources like intensive agriculture practices are now
being shown to have significant effects on fish communities in streams (Allan 2004b; Diana
et al. 2006; Roth et al. 1996).
Water quality and anthropogenic land use may affect herbivorous fish populations
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in ways unique to that trophic group. Agricultural land use increases nutrient concentra-
tions in streams (Johnson et al. 1997; Heatherly 2014), and nutrient enrichment in streams
increases the biomass of algae (Dodds et al. 2002; Pan et al. 1999; Quinn et al. 1997;
Van Nieuwenhuyse & Jones 1996). One might think that an increase in algal biomass
would lead to an increase in abundance and/or biomass of herbivores. However, nutrient
enrichment alters the community composition of algae in streams (Chessman et al. 1992;
Hillebrand 2003; Pan et al. 1999; Rosemond et al. 1993), which can lead to poor quality
or inedible food for herbivorous fish. And while measures of some trophic groups (eg.
omnivores, insectivores and top carnivores) are included in indices of biotic integrity to
assess multiple aspects of stream function, most studies analyze only the summary indices
and not any individual species or group. Specifically, the IBI used by the Ohio EPA does
not include any measure of herbivorous fish (Ohio EPA 1987). The potential impacts on
herbivores may not be captured in the analysis of the Ohio EPA’s Index of Biotic Integrity,
and so I asked whether the impacts on herbivores reflect some new information about the
condition of stream health.
To see the effects of land use on aquatic ecosystems, one must begin by measuring the
amount of anthropogenic activity that may affect the stream. Land use is often assessed for
one or both of the upstream catchment (landscape-scale) and local riparian buffer (local-
scale), and studies have shown that these two scales vary in their ability to predict biotic
integrity. While some studies find one scale to be more influential on stream function (Al-
lan et al. 1997; Diana et al. 2006; Johnson et al. 1997; Roth et al. 1996), most studies assert
that multiple scales are necessary for predicting stream function and biotic integrity (Gergel
et al. 2002; Kautza & Sullivan 2012; Moerke & Lamberti 2006). In this study, only land
use within the upstream catchment was assessed for each sample site (Figure 2).
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The goal of this study was to establish importance of catchment-scale agricultural land
use to stream health in Ohio. Two questions are addressed: (1) How does catchment-scale
agricultural land use affect stream habitat and water quality? and (2) How do stream habi-
tat and water quality affect various measures of fish community structure and integrity? In
this study I analyzed data from 2,474 sites throughout Ohio. Records for each site included
stream habitat quality, water quality, and fish community data. To quantify land use, up-
stream catchments are delineated for a subset of the statewide sites and the land use within
each catchment was calculated.
5
Methods
2.1 Study Area
Ohio is a state dominated by agricultural land use and lotic systems. These two features are
at odds with one another: streams must be altered to develop the land for agricultural culti-
vation, and agriculture then further degrades streams. Row crop agriculture comprises 39%
of land cover in the state, pasture/hay makes up another 11%, and total urban development
accounts for 15%; only 35% of land cover in Ohio can be considered undeveloped, the
combination of all forests, wetlands, herbaceous vegetation, and open water [derived from
Homer et al. (2011)]. Ohio’s extensive lotic network contains more than 58,000 river miles
of streams and another 6,000 river miles of small and large rivers, which contain more than
150 species of fish.
Ohio’s landscape is divided by a line of glaciation that runs north-south: the western
half of the state (the Eastern Corn Belt Plains and the Huron/Erie Lake Plains) is glaciated,
with relatively flat terrain and fertile soils, while the eastern half of the state (the Erie/On-
tario Lake Plains and the Western Allegheny Plateau) is part of the foothills of the Ap-
palachian mountain range (Figure 1). The state is also divided across two major drainage
basins: the northern part of the state drains into Lake Erie, while the southern part of the
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state drains into the Ohio River. The boundary between these basins does not correspond
with the boundaries of the US EPA Level III ecoregions. Qualitatively, the western ecore-
gions of Ohio have much more row crop agriculture than the eastern ecoregions, while the
eastern ecoregions have more pasture/hay and deciduous forest land cover (Appendix A).
2.2 Initial Data Set and Data Cleanup
The initial data set was provided by the Ohio EPA. Sites were located throughout the state.
Each record contained the location and year of the sample and data on fish (including a
calculated IBI with subcomponents), habitat quality (QHEI with subcomponents), and wa-
ter quality (all described below). The data set was reduced by eliminating records with
missing values for any of the site, fish, habitat or water quality variables. Each site was
then put into one of four size classes based on drainage area (Ohio EPA 1987; Miltner
et al. 1998): (1) headwater streams with drainage area less than 20 sq. mi.; (2) wadeable
streams with drainage area less than 200 sq. mi.; and (3) all rivers (drainage area 200 sq.
mi). Only stream sites (headwaters and wadeable streams) were included in the final data
set (hereafter, statewide data set), which contained 2,474 records (Figure 3) collected from
1998-2012.
2.3 Land Use Data
Land Cover and Land Use: Land use data were obtained from the U.S. Geological Sur-
vey’s National Land Cover Database 2011, or NLCD 2011 (Homer et al. 2011). These are
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the most recent data available from the USGS at time of publication. The NLCD includes
data on 15 different land use types that occur in the contiguous United States: open wa-
ter; developed, or urban (open space, low intensity, medium intensity, and high intensity);
deciduous, evergreen and mixed forests; shrub/scrub; grassland/herbaceous; pasture/hay,
cultivated crops; woody and emergent herbaceous wetlands; and barren land (Table A in
Appendix A). All 15 land use types occur in Ohio. The land use data are represented in a
GIS raster as coded pixels, with a resolution of 30 meters.
Ecoregions: Ohio is divided into six Level III ecoregions by the US EPA (Omernik
& Griffith 2014). The four major ecoregions are the Eastern Corn Belt Plains (ECBP); the
Huron/Erie Lake Plains (HELP); the Erie/Ontario Lake Plains (EOLP); and the Western Al-
legheny Plateau (WAP) (Figure 1). (The two minor ecoregions, 71 and 83, had insufficient
data for analysis in this study.) Ecoregion delineations are based on the composition of
abiotic (geology, physiography, climate, soils, land use and hydrology) and biotic (vegeta-
tion and wildlife) features. These ecoregions were developed by the USEPA in conjunction
with the Ohio Department of Natural Resources and other agencies to ensure a regionally
tuned process for map development.
Watershed Delineation and Land Use Profile Creation in ArcGIS: I designed a proce-
dure to delineate the entire contributing watershed upstream of a site (Figure 2) using ESRI
ArcGIS 10.1 (ESRI (Environmental Systems Resource Institute) 2012). The procedure
uses a series of tools from the Hydrology toolbox (Spatial Analyst), as well as basic tools
from the Data Management toolbox. The final products for each site in the subset included
a delineated watershed polygon and a raster of the land use types and amounts within the
delineated watershed. From the watershed land use raster I determined the proportion of
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each land use type within each watershed.
Site Selection for Watershed Calculation: Sites for watershed delineation were se-
lected at random from each of the four major ecoregions; initial random samples were
about 20% of the sites from the statewide dataset (i.e. final reduced dataset), stratified over
the four ecoregions. Watersheds and land use profiles were created for each watershed.
Delineated watershed areas were calculated and compared to the published drainage areas;
those sites whose watershed areas differed by more than 10% from the published drainage
areas were omitted from the final data set.
2.4 Fish Data
Data Collection: Fish were sampled and measured according to the procedure in the Bi-
ological Criteria for the Protection of Aquatic Life, Volume III: Standardized Biological
Field Sampling and Laboratory Methods for Assessing Fish and Macroinvertebrate Com-
munities, Subsection 2, Part B (Ohio EPA 2015a). Sampling zones were selected to include
all representative macrohabitats present in the study stream; this resulted in various fish-
ing distances for each sample. Stream sites were sampled for a symmetric fishing distance
upstream and downstream of the stream site. The primary method of capture utilized by
the Ohio EPA is pulsed direct current electrofishing, administered either by wading or by
boat as is appropriate for the size of stream. All sites analyzed in the present study were
sampled using a backpack electrofisher. Samples were collected under normal flow condi-
tions. Specimens were identified to species (either in the field or in the lab). Abundance
and biomass of each species was recorded in the field. Any fish under 15-20 mm in length
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Eastern Corn Belt Plains
Huron/Erie Lake Plains
Erie/Ontario Lake Plains
Western Allegheny Plateau
Figure 1: Map of US EPA Level III ecoregions (Omernik & Griffith 2014) within the state
of Ohio.
#
#
Figure 2: Example of watershed delineation for two sites. Watersheds are overlaying a
USGS digital elevation map.
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(which may include young-of-the-year) were recorded but not used in the calculation of
abundance, biomass or Index of Biotic Integrity, as they may skew results due to overrep-
resentation in the community (Angermeier & Karr 1986). Abundances and biomass were
standardized by the fishing distance. The data set included 156 fish species and 74 hybrids.
Absence and abundance data were available for all fish species at each site.
IBI: Indices of biotic integrity are now commonly used to assess the health of streams.
Fish-based indices are particularly popular for reasons including public interest, ease of
sampling, and the existence of fish at all trophic levels (Karr 1981; Karr et al. 1986). The
Ohio EPA developed an IBI for the state, in which 12 community metrics measure fish
community response to environmental quality (Ohio EPA 1987). IBI increase as factors
like native species richness, % tolerant or sensitive species and total fish abundance (scaled
by stream size) increase; inversely, IBI decrease as factors like % tolerant species and %
fish with physiological abnormalities increase. Those metrics that increases IBI score in-
dicate positive fish response to high-quality habitat. Metrics that decreases IBI indicate
changes in fish community structure toward species that tolerate or thrive in degraded habi-
tat. This is why metrics like the IBI reflect the health of stream ecosystems more carefully
than other diversity indices in the regions for which they are developed.
The Index of Biotic Integrity (IBI) is calculated for each site according to the proce-
dure in the Biological Criteria for the Protection of Aquatic Life, Volume II: User’s Manual
for Biological Field Assessment of Surface Waters, Section 4 (Ohio EPA 1987). The IBI
for both headwater and wadeable stream sites include 12 metrics, each of which is designed
to assess the health of the fish community as an indicator of the overall health of a stream.
Metrics focus on species that are intolerant of or sensitive to degraded environments and
11
water quality (darters, sunfish, suckers, minnows); species that are tolerant of degraded
streams (eg. carp, green sunfish [Leponis cyanellius], central mudminnow [Umbra limi]);
trophic groups as indicators of food web disturbances; and overall size of the fish commu-
nity. Summary statistics of fish metrics are included in Table 2.
Additional Fish Community Metrics: In addition to the IBI and its components, fish
communities were summarized using species richness and the Shannon diversity index (cal-
culated
∑S
i=1 pi ln(pi), where S is the species richness at a site and p is the proportion of
species i as individuals) for each site; both metrics were calculated excluding hybrids.
Algivorous Fish: Campostoma anomalum (or central stoneroller) was the only native
herbivorous fish in the data set. (There are two other herbivores present in Ohio: goldfish,
which are an uncommon introduced species, and river carpsuckers, which are only found
in larger tributaries.) Campostoma anomalum is a ubiquitous minnow that grazes on peri-
phyton. As an algivore, Campostoma anomalum has the potential to reflect the long-term
condition of the periphyton community while under the influence of nonpoint source pol-
lution.
2.5 Stream Habitat Data
Stream habitat at each site was assessed by Ohio EPA field scientists using the protocol
outlined in Ohio EPA (2006) and quantified with a Qualitative Habitat Evaluation Index
(QHEI) score. The QHEI is an in-stream habitat assessment tool developed by Rankin &
Ohio EPA (1989), designed to assess local stream morphology and habitat as it pertains to
12
biotic community health. Stream habitat data for the present study are summarized in Table
3.
2.6 Water Quality Data
Water quality data included alkalinity, specific conductance, and hardness of water sam-
ples, as well as concentrations of total Kjeldahl nitrogen, ammonia, nitrates and nitrites,
total phosphorus, calcium, chloride, sodium, sulfate, total suspended solids, and total dis-
solved solids (Table 3). All water samples were collected and water quality data measured
according to the Ohio EPA’s Surface Water Field Sampling Manual (Ohio EPA 2015b).
Two or three grab surface samples were collected at each site during low-flow conditions
(June-September); measures were averaged over all samples collected in a single season.
All water quality values are reported as log10(µgL−1) , except SPCOND, which is reported
in log10(µScm−1).
Huron/Erie Lake Plains (HELP) Watershed Delineation Issues: The topography of the
HELP created difficulties when delineating the watersheds in ArcGIS. Because the region
is particularly flat, DEMs are not well resolved, which causes a significantly larger than
average number of errors to be made in calculating the Flow Direction rasters. As such,
most of the watersheds delineated in ArcGIS did not agree with the drainage areas listed in
the records from the Ohio EPA. The number of sites located in the HELP was already small
(n = 126), and only 9 of 70 attempted watersheds were accurate. Therefore, sites from the
HELP have been eliminated from all analyses that include land use variables. Analyses
using only water quality, habitat and fish data were computed on the largest subset of sites
13
Table 1: Summary of components of the Qualitative Habitat Evaluation Index (QHEI)
(Ohio EPA 2006).
SUB-
STRATE
Stream substrate (SUBSTRATE) is evaluated for type and quality. High
scores are given for the presence of boulders, cobble, gravel and sand;
lower scores are given for hardpan, detritus, muck and silt. Deductions
are made for high embeddedness and/or siltation of substrates.
(Maximum score = 20)
COVER
The types and amounts of instream cover (COVER) are assessed. Cover
types include undercut banks, overhanging vegetation, root mats and root
wads, boulders, oxbows, pools, shallows, aquatic macrophytes and woody
debris (eg. logs). High scores are given for more extensive cover.
(Maximum score = 20)
CHANNEL
Channel morphology (CHANNEL) is evaluated for sinuosity (higher
scores for higher sinuosity), level of natural development (i.e. riffle-pool
complexes), anthropogenic channelization (scores decrease as
anthropogenic influences increase), and channel stability. (Maximum
score = 20)
RIPARIAN
The riparian zone (RIPARIAN) is evaluated for width of riparian
vegetation, flood plain quality (based on land use type) and bank erosion.
(Maximum score = 10)
POOL
Pools (POOL) in the streams are assessed for maximum depth and
velocity. Channel morphology is also evaluated, with a maximum score
given to a stream segment with pools wider than riffles. (Glides, which
most often occur in channelized streams where no distinct pools and
riffles occur, are also assessed under this metric.) (Maximum score = 12)
RIFFLE
Riffles and runs (both areas of fast moving shallow water) are assessed
(RIFFLE) for depth, substrate stability (i.e. the ability of substrate to stay
within the riffle/run and not be washed downstream; this is based on the
size of the substrate) and substrate embeddedness. (Maximum score = 8)
GRADIENT
The gradient of the stream (GRADIENT) is calculated from USGS 7.5
minute topographic maps. The length of stream segment is calculated
from the first contour line occurring upstream of the sample site, to the
first contour line occurring downstream of the sample site. The score is
assigned based on both the gradient of the stream and the stream size (as
either streams width or drainage area), because the stream gradient exerts
different effects on overall stream condition depending on the size of the
stream (Trautman 1981). (Maximum score = 10)
14
in the HELP (n = 99), comparable in size to the Corn Belt Plains and Allegheny Plateau
samples.
2.7 Statistical Methods
Correlations were used to determine individual relationships between land use, habitat, wa-
ter quality and fish variables. Correlations were calculated using R (R Core Team 2015),
with a Benjamini & Yekutieli correction for multiple testing (Benjamini & Yekutieli 2001)
and significance threshold of p < 0.05.
Multiple linear regressions were used to determine predictive relationships between
physical habitat variables, water quality variables and fish community metrics. Before
regression, habitat, water quality and land use variables were assessed for collinearity;
variables with Pearson correlation coefficient r > 0.90 were considered redundant. Only
one variable of a redundant group was kept, further reducing the dataset. This procedure
was done independently for each ecoregion and the complete dataset. Competing models
within a predictive category (eg. habitat models) were selected using the AIC criteria calcu-
lated using AIC( ). Selected models were cross-validated using a two-fold cross-validation
design, where adjusted R2 values were used to determine whether the model converged.
Adjusted R2 values were also used to determine the strength of prediction among different
categories of predictors (e.g. habitat predictors vs. water quality predictors).
Three herbivore metrics (density, biomass, and proportion as individuals) were plotted
against selected water quality factors (nutrient concentrations and total suspended solids).
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Campostoma anomalum responses appeared negatively limited by these water quality mea-
sures, rather than being negatively correlated with them. Such limiting relationships are
well-suited for quantile regression analysis (Cade et al. 1999; Cade & Noon 2003).
To detect potential limiting relationships between water quality variables and central
stoneroller metrics, quantile regressions were assessed using linear functions, similar to
the quantile regression procedure in Cade & Guo (2000). For each regression, a range of
quantiles were assessed (α = 0.50, 0.75, 0.90, 0.95). After fitting all four quantiles, any
quantile that deviated from the fit of all lower quantiles was removed, as it was capturing
noise (outliers) rather than fit in the model. If all four quantiles in the range resulted in
a qualitatively different fit, I concluded that there was either too much noise in the data
for the relationship to be captured by this regression method, too few data points for the
relationship to be captured by this regression method, or the expected limiting relationship
may not exist between those variables.
All statistical analyses were completed using R software (R Core Team 2015), includ-
ing the quantreg package.
16
Results
3.1 Summary Statistics
Watersheds were delineated for 253 of 2,474 statewide sites (Figure 3), and 190 of those
watersheds were defined as low-urban, where the proportion of urban land use was less than
10%. Among the low-urban watersheds, row crop agriculture ranged from 0% to 92.7% of
land area. High intensity urban land use did not exceed 0.6% in low-urban catchments. The
proportion of total agriculture (% row crops + % pasture/hay) in each low-urban catchment
ranged from 0.4% to 95.6%.
Table 2: Summary statistics for fish community metrics. Includes data from all statewide
sites (n = 2, 474).
Factor Minimum Maximum Mean
Standard
Deviation
Index of Biotic Integrity
(IBI)
12 60 40.0 10.0
Shannon Diversity 0 3.1 2.0 0.5
Species Richness 1 47 17.3 7.5
Campostoma anomalum
Density
0 19,345 412 844
Campostoma anomalum
Proportion
0 0.86 0.14 0.15
17
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Figure 3: Map of 2,474 study sites (left) and 253 sites for which watersheds were delineated
(right). Sites are projected onto state of Ohio with US EPA Level III ecoregions (Omernik
& Griffith 2014).
3.2 Land Use and Habitat Quality
Agricultural land use showed almost no relationship with habitat quality (Table 4). The
riparian subscore of the QHEI was weakly correlated with agriculture and total disturbance
within the catchment. No other habitat variable was correlated with land use.
3.3 Land Use and Water Quality
The relationships between agriculture within the catchment and water quality parameters
were much stronger. Alkalinity, total nitrogen, and total phosphorus had the strongest pos-
itive correlations with the proportion of row crops in the catchment (Table 4). Row crop
agriculture, total agriculture and total disturbed land use (agriculture + urban) had similar
effects on water quality.
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Table 3: Summary statistics for instream habitat and water quality factors. Includes data
from all statewide sites (n = 2, 474).
Factor Code
Mini-
mum
Maxi-
mum
Mean
Standard
Devia-
tion
Qualitative Habitat
Evaluation Index
QHEI 12 99 61.6 14.5
Substrate Score SUBSTRATE -1.5 23 12.9 4.3
Cover Score COVER 1 22 12.3 3.9
Channel Score CHANNEL 4 20 12.8 3.7
Riparian Score RIPARIAN 1 10 5.8 2.0
Pool Score POOL -1 12 7.3 2.7
Riffle Score RIFFLE -1 8 2.8 2.1
Gradient GRADIENT 0.10 333.3 17.1 19.0
Drainage Area DA 0.4 199.0 29.43 39.72
Alkalinity ALK 3.40 5.66 5.17 0.29
Calcium CA 3.84 5.77 4.81 0.22
Hardness HARD 4.50 6.27 5.41 0.23
Sodium SOD 3.40 5.91 4.35 0.39
Chloride CL 3.40 5.96 4.52 0.39
Total Dissolved Solids TDS 4.82 6.54 5.59 0.23
Total Suspended Solids TSS 3.40 5.32 3.84 0.33
Ammonia NH3 1.40 3.91 1.68 0.33
Total Kjeldahl Nitrogen TKN 2.00 4.05 2.59 0.31
Nitrates + Nitrites NOX 1.40 4.67 5.41 0.23
Total Nitrogen TN 2.18 4.98 3.03 0.40
Total Phosphorus TP 0.70 4.17 1.79 0.59
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3.4 Habitat and Water Quality Effects on Fish Communi-
ties
IBI was better predicted by water quality factors (mean adjusted R2 = 0.39, from cross-
validation), than by habitat factors (mean adjusted R2 = 0.29) in the statewide dataset
(Table 5). Drainage area (DA) was not a factor in predicting IBI with habitat measures; DA
was not correlated with IBI (r = 0.13) and was weakly correlated with QHEI (r = 0.26).
This was expected, as IBI scores are calculated with metrics scaled for categorical stream
size and thus should not show a relationship with drainage area.
Conversely, Shannon diversity was better predicted by habitat quality (mean adj. R2 =
0.33) than by water quality (mean adj. R2 = 0.31), and DA was an important factor in both
models (Table 5). Drainage area itself was moderately correlated with species richness
(r = 0.53) and Shannon diversity (r = 0.44), which explains the inclusion of drainage area
as a significant factor in those models. Overall, statewide IBI models showed less variation
in cross-validation than Shannon diversity models, and the water quality model for IBI had
the strongest predictive power.
The proportion of Campostoma anomalum was predicted equally well by habitat fac-
tors (mean adj. R2 = 0.16) and water quality factors (mean adj. R2 = 0.14). Habitat and
water quality were unable to predict the density or biomass of Campostoma anomalum.
Algivore metrics were not as well explained as IBI or Shannon diversity. The poor perfor-
mance of multiple linear regressions in explaining and predicting herbivores is likely due
to the nonlinear nature of the relationships between herbivore metrics and water quality
factors (Figures 4, 5, 6, ??).
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Table 4: Pearson correlation coefficients for relationships between land use and habitat
and water quality factors. Correlations between response variables and % row crop and %
total agriculture were calculated using data from the low-urban watersheds (n = 190), to
isolate the effects of agriculture from urban land use. All p-values were calculated using
the Benjamini & Yekutieli correction for multiple testing (Benjamini & Yekutieli 2001).
% row crop
(n = 190)
% total
agriculture
(n = 190)
% total disturbed
land use
(n = 253)
QHEI – – –
Substrate – – –
Cover – – –
Habitat Quality Channel – – –
Riparian -0.32 *** -0.29 ** -0.26 ***
Pool – – –
Riffle – – –
Gradient – – –
ALK 0.67 *** 0.73 *** 0.72 ***
CA 0.35 *** 0.39 *** 0.41 ***
HARD 0.40 *** 0.42 *** 0.43 ***
SOD – – –
CL 0.42 *** 0.47 *** 0.49 ***
Water Quality TDS 0.22 * 0.25 ** 0.28 ***
TSS – – –
NH3 – – –
TKN 0.38 *** 0.41 *** 0.45 ***
NOX 0.46 *** 0.50 *** 0.52 ***
TN 0.58 *** 0.63 *** 0.62 ***
TP 0.48 *** 0.47 *** 0.48 ***
Drainage Area DA – – –
Values indicated by (*) are significant with p < 0.05; values indicated by (**) are signifi-
cant with p < 0.01; values indicated by (***) are significant with p < 0.001. Relationships
marked (–) were non-significant.
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Table 5: Multiple linear regression models for fish community responses. Models were
built on the full statewide data set (n = 2, 474) which includes all habitat and water chem-
istry data but no data on land use. Models were tested with a two-fold cross-validation.
The sets of habitat and water quality factors were reduced only to remove collinear factors.
Mean
adjusted R2
Change in
adjusted R2
on test data
QHEI + ECO 0.27 +0.01
IBI ∼ ECO + substrate + pool + riffle +
riparian + gradient + cover + channel
0.29 +0.01
ECO + DA + ALK + TSS + TP +
TDS + SOD + CL + SO4 + TKN +
NOX
0.39 -0.02
QHEI + DA + ECO 0.24 +0.01
Shannon
diversity ∼
DA + ECO + substrate + pool +riffle
+ riparian + gradient + cover +
channel
0.33 -0.01
ECO + DA + ALK + TSS + TP +
TDS + SOD + CL + SO4 + TKN +
NOX
0.30 -0.06
QHEI + DA + ECO 0.07 -0.02
Campostoma
anomalum
proportion∼
DA + ECO + substrate + pool + riffle
+ riparian + gradient + cover +
channel
0.15 -0.03
ECO + ALK + TSS + TP + TDS +
SOD + CL + SO4 + TKN + NOX
0.14 +0.00
QHEI + DA + ECO 0.02 -0.01
Density of
Campostoma
anomalum ∼
(habitat quality factors) 0.04 -0.05
ECO + ALK + TSS + TP + TDS +
SOD + CL + SO4 + TKN + NOX
0.04 -0.01
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3.5 Algae-grazing Fish in Agricultural Streams
All three metrics of Campostoma anomalum were well-described using quantile regression
(Figures 4, 5, 6). These regressions demonstrated that Campostoma anomalum has neg-
ative limiting relationships with nutrient concentrations and suspended solids (Cade et al.
1999). Density and biomass showed similar responses to ammonia, total nitrogen, total
phosphorus and total suspended solid concentrations. Both density and biomass were neg-
atively limited by ammonia, TP and TSS. Density and biomass were unimodally limited by
total nitrogen, implying that both responses are positively limited by TN up to an optimum
TN concentration, after which density and biomass each begin to decline with increasing
TN.
Most strikingly, the proportion of Campostoma anomalum was negatively limited by
ammonia and total phosphorus (Figure 6), implying that the impacts of these water quality
factors are stronger on algivores than other trophic groups. No relationship was observed
between the proportion of Campostoma anomalum and the concentrations of either total
nitrogen or total suspended solids.
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Figure 4: Quantile regressions of the density of Campostoma anomalum at each site within
the subset of low-urban watersheds. Linear quantile regressions best describe the effects of
ammonia (upper left), total phosphorus (lower left) and total suspended solids (lower right).
Total nitrogen (upper right) appears best described by a unimodal regression, implying that
there is an optimum concentration of total nitrogen for herbivorous fish. Nutrients and TSS
are reported in log-transformed micrograms per liter.
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Figure 5: Quantile regressions of the biomass of Campostoma anomalum at each site within
the subset of low-urban watersheds. Linear quantile regressions best describe the effects of
ammonia (upper left), total phosphorus (lower left) and total suspended solids (lower right)
on biomass. Total nitrogen (upper right) appears best described by a unimodal regression,
implying that there is an optimum concentration of total nitrogen for biomass. Nutrients
and TSS are reported in log-transformed micrograms per liter.
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Figure 6: Quantile regressions of the proportion of Campostoma anomalum at each site
within the subset of low-urban watersheds. Linear quantile regressions best describe the
effects of ammonia (upper left) and total phosphorus (lower left) on the proportion of
stonerollers at each site. Total nitrogen and total suspended solids do not appear to be
negatively limiting to the proportion of Campostoma anomalum. Nutrients and TSS are
reported in log-transformed micrograms per liter.
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Discussion
The majority of stream sites in Ohio are influenced by some level of anthropogenic activ-
ity. I have shown that catchment-scale anthropogenic land use degrades water quality in
headwaters and wadeable streams in Ohio. While stream habitat can also be negatively im-
pacted by agriculture (Allan 1995), the data in the present study did not show an effect of
catchment-scale agriculture on stream habitat quality. I have also shown that fish communi-
ties in streams are influenced by water quality, and community integrity decreases as water
quality is influenced by agriculture. Nutrient enrichment is a product of anthropogenic land
use in the catchment, and nutrient enrichment decreases fish community integrity and neg-
atively limits the abundance and proportion of algae-grazing fish in the assemblage. Due
to the intensity of anthropogenic activity in Ohio, these effects are wide-spread and may
be causing significant damage to aquatic systems in Ohio and further downstream in the
Mississippi River basin.
This study confirms what has been shown in other studies of lotic systems: anthro-
pogenic land use degrades water quality in small streams. Total nitrogen, total phosphorus,
alkalinity, calcium and hardness, total dissolved solids and chloride all increased with in-
creased agriculture in the catchment. Nutrient enrichment is most likely due to increased
run-off from agricultural fields (Johnson et al. 1997), as fields tend to be more highly erodi-
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ble (Allan 2004a) and excess fertilizer is pulled away along with sediments. The strong
positive relationship between agriculture and alkalinity may be due to a combination of un-
derlying limestone bedrock and the agricultural practice of liming to correct overly-acidic
soils (Mullen et al. 2007). Many other studies have also seen increased nitrogen, phos-
phorus and sediments in streams in agricultural watersheds (e.g. Omernik et al. (1977)).
Similar results were found in central Michigan streams, where streams within catchments
dominated by row crop agriculture had higher concentrations of nitrates and nitrites (NOX),
total suspended solids (TSS), total dissolved solids (TDS) and higher alkalinity (ALK) than
catchments with a higher proportion of natural land use (Johnson et al. 1997), and in south-
ern Michigan streams, where soluble reactive phosphorus, ammonium, nitrate and turbidity
were correlated with agricultural activity within the catchment (Moerke & Lamberti 2006).
The proportion of row crop agriculture in the catchment also strongly predicted TN and
TP concentrations in streams in Nebraska (Heatherly 2014). In the present study, the lack
of correlation between agricultural land use and TSS may be explained by the choice of
measurement technique: the Ohio EPA calculates TSS as a measure of suspended solids,
a technique that was developed for wastewater monitoring, which may underestimate the
amount of suspended sediments in natural streams (Gray et al. 2000).
The data show moderate to strong relationships between the amount of agriculture
in the catchment and water quality parameters, but they also show that water quality is
similarly impacted by the total amount of anthropogenic land use in the catchment. The
amount of total disturbance (agricultural + urban land use) was moderate to high for most
catchments: 156 catchments had total disturbance exceeding 50%, and 53 catchments had
total disturbance exceeding 90%. But the amount of high intensity urban land use ex-
ceeded 5% in only 3 catchments, and the total amount of urban land use was below 50%
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for 96% of sites. Urban land use impacts streams via different mechanisms (eg. hydrologic
changes due to impervious surfaces, point source pollution from wastewater), but some
effects are similar: streams experienced increased nutrient concentrations and degraded
riparian zones. These results imply that agriculture and urban land use can alter small
streams in similar ways, so long as the urban influence is low to moderate. Streams within
disturbed watersheds may then benefit from the same mitigation strategies regardless of the
type of disturbance.
Habitat quality, with the exception of riparian zone condition, was not correlated with
any category of anthropogenic land use. This is contrary to a number of previous stud-
ies. Allan et al. (1997) found that agricultural land use in the upstream catchment was a
strong predictor of habitat quality (R2 = 0.76) in streams in southern Michigan. Those
streams sites were located in catchments with a wide range of percent agricultural land use
(20%-85%). In another study, habitat quality was negatively impacted by agriculture in the
catchment, but only when the percent of agricultural land use exceeded 50% (Wang et al.
1997). This type of nonlinear response may explain the weak correlations between habitat
and land use in our data. Another explanation may be the use of catchment-scale land use
profiles only. The correlation between anthropogenic land use and riparian zone condition
in the data was weak (−0.26 > r > −0.32), implying that land use within the catchments
may vary from land use within the riparian zones near the sample sites. Local-scale land
use , i.e. land use within the riparian buffer, may be the primary determinant of instream
habitat quality.
The lack of a habitat-land use relationship in these Ohio catchments could be at-
tributed to two aspects of this study: (1) our study design included sites throughout the
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state, whereas the studies referenced above chose sites within a single basin or on a single
stream, which may have controlled for variation in factors which are confounded in our
analyses, and (2) other studies have concluded that land use within the riparian zone has a
stronger effect on habitat quality than does catchment-scale land use (e.g. Sponseller et al.
2001). I have shown that IBI is influenced by habitat factors, and it is well established that
habitat factors are influenced by land use in the riparian zone. The combination of these two
facts implies that local-scale land use is important for biotic integrity. At sites in our data
set where catchment-scale agricultural was high but IBI was also high, riparian quality may
be mitigating the effects of the agriculture (Allan et al. 1997). Forested buffers in otherwise
disturbed watersheds can improve stream habitat (Stauffer et al. 2000), by increasing the
amount of woody debris in streams (Richards et al. 1996) and decreasing sedimentation
(Allan 1995). A forested riparian zone in an agricultural watershed may likely indicate
that the stream under consideration was never channelized, which would result in higher
habitat quality. To better understand the total effects of anthropogenic land use on streams,
local-scale land use should be included in future studies to detect any impacts on habitat
quality.
It is worth noting that habitat factors and water quality factors only weakly covaried in
the present study. Anthropogenic land use had moderate to strong effects on water quality,
and I suspect that land use within the riparian zone affects instream habitat. If land use
differs at these two scales, instream habitat and water quality may be impacted to different
degrees. For example, a site with a large proportion of agriculture in the upstream catch-
ment but a forested riparian corridor may have poor water quality but high instream habitat
quality. Furthermore, fish community response may be nonlinear to one or both factors
(Gergel et al. 2002), making it impossible to predict fish response without knowing the
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value of both factors or land use at both scales. This provides further motivation to include
multiple land use scales in future research.
I have shown that fish community health in Ohio streams is impacted by both habitat
quality and water quality. Shannon diversity decreased with lower habitat quality, but wa-
ter quality factors better predicted diversity. Models predicting diversity were not as strong
as those predicting IBI, indicating that variation in diversity is dependent on factors other
than habitat and water quality (e.g. geographic location). The relationship between IBI and
habitat quality was weaker than expected, given that QHEI criteria are developed to reflect
the suitability of stream habitat for fish (Rankin & Ohio EPA 1989). Roth et al. (1996)
found a similarly moderate relationship between IBI and QHEI (r2 = 0.334) in streams
in southern Michigan. Furthermore, water quality models better predicted diversity and
IBI, which may explain the unexpectedly weak relationship between QHEI and IBI. In all
cases, the relationships between environmental factors and fish response are likely nonlin-
ear (Wang et al. 1997), which would causes the explanatory power of these multiple linear
regression models to be underestimated in the present results.
Even though I was unable to detect a direct correlation between land use and IBI,
many studies have been able to show the negative relationship between anthropogenic land
use and fish community integrity. Fish community integrity has been shown to be inversely
correlated with the total disturbed land use (agricultural + urban) in the catchment and
weakly positively correlated with natural land use in the catchment and riparian buffer (Di-
ana et al. 2006), as well as inversely correlated with agricultural land use in the catchment
(Roth et al. 1996). A negative correlation has also been found between agricultural and use
and macroinvertebrate communities (Riseng et al. 2011). Those studies were conducted
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within a smaller geographic area: they sampled sites along the same stream or within the
same major watershed, and along a gradient of anthropogenic land use, which may have
controlled for many of the factors that the present study did not. Other studies found re-
lationships between land use and biotic responses to be nonlinear (Allan & Johnson 1997;
Wang et al. 1997), making them more difficult to detect and predict. So while I did not
find a direct linear relationship between land use and fish community integrity, I was able
to establish the link between land use, stream condition and IBI. My results support the
conclusion that anthropogenic land use has negative impacts on fish communities.
In some studies, catchment-scale land use variables were better predictors of fish com-
munity integrity than local-scale land use (Kautza & Sullivan 2012; Roth et al. 1996), but
other studies have detected strong negative relationships between land use in the riparian
buffer and biotic integrity (Sponseller et al. 2001; Stauffer et al. 2000). Both catchment-
and local-scale land use are important to stream function (e.g. Moerke & Lamberti 2006;
Kautza & Sullivan 2012), but as landscape-scale land use affects local-scale land use (Di-
ana et al. 2006; Moerke & Lamberti 2006), anthropogenic activities at the landscape scale
are arguably the most important factor for stream ecosystems (Allan 2004b). As this study
analyzed land use at the catchment-scale only, the influence of local-scale land use may not
be well represented in the present results but should be added to future studies.
The proportion of Campostoma anomalum in the assemblage was negatively limited
by ammonia, total phosphorus and total suspended solid concentrations. Nutrient enrich-
ment has been shown to increase algal species richness (Hillebrand 2003) and biomass
(Chessman et al. 1992; Hillebrand 2003; Rosemond et al. 1993), but the increased biomass
includes more filamentous algae in streams with higher nutrient enrichment (Chessman
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et al. 1992; Hillebrand 2003). In particular, Taylor et al. (2014) found that in streams
with relatively low-level phosphorus enrichment, algal communities changed in compo-
sition and Campostoma anomalum had lower presence and abundance at sites with TP
> 28µgL−1. They also found that responses to phosphorus enrichment were stronger and
clearer than responses to nitrogen enrichment as the two nutrients covaried across study
sites. In their study, sites within agricultural watersheds tended to have high nitrogen con-
centrations, but low phosphorus, which led to algal responses that were limited by P rather
than influenced by high N. This may explain the lack of response in the proportion of
Campostoma anomalum to total nitrogen concentrations (Figure 6). Even with these clear
responses to nutrients, Taylor et al. (2014) found that Campostoma anomalum showed
stronger relationships with agricultural land use than with phosphorus enrichment, indicat-
ing that this fish species responds to both habitat and water quality factors. The data from
the present study agree with this: the Campostoma anomalum proportion in the present
study was equally well predicted by habitat factors and water quality factors (Table 5), im-
plying that this specialist can serve as a biotic indicator for multiple stream conditions.
Algivores were negatively limited by total suspended solids. Sediments cause stream
substrate to become embedded, which in turn could reduce periphyton availability. TSS and
substrate quality were moderately negatively correlated in the present data (r = −0.30),
which implies that the negative relationship between Campostoma anomalum and TSS
may reflect some effects of decreased substrate quality. Additionally, incidental ingestion
of sediments during grazing may reduce food quality for algivores, as well as cause direct
physical harm. Increased sedimentation is an observed effect of agricultural land use (Allan
1995), another potential reason these algivores are negatively impacted in streams within
agricultural watersheds.
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This study shows that agricultural and total anthropogenic land use in Ohio have mea-
surable and significant impacts on several aspects of aquatic ecosystems. The influence of
land use on the physical features of streams manifests in biological changes as well. Many
of these responses are nonlinear, making them difficult to model and indicating a potential
for critical thresholds of environmental stressors (Gergel et al. 2002). Anthropogenic land
use is a quantifiable factor that can be used to measure human activity in the landscape, and
I suggest that catchment-scale and local-scale land use data be incorporated into stream
monitoring programs for this reason. Given the high variability of factors in this study,
region-specific or watershed-specific models should also be developed for predicting im-
pacts on biotic communities (Diana et al. 2006).
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Appendix A
Table 6: Land cover classifications. Modified from the USGS National Land Cover
Database 2011 (Homer et al. 2011) Product Legend.
Open Water
Areas of open water, generally with less than 25% cover of
vegetation or soil.
Developed, Open
Space
Areas with a mixture of some constructed materials, but mostly
vegetation in the form of lawn grasses. Impervious surfaces
account for less than 20% of total cover. These areas most
commonly include large-lot single-family housing units, parks, golf
courses, and vegetation planted in developed settings for recreation,
erosion control, or aesthetic purposes.
Developed, Low
Intensity
Areas with a mixture of constructed materials and vegetation.
Impervious surfaces account for 20% to 49% percent of total cover.
These areas most commonly include single-family housing units.
Developed, Medium
Intensity
Areas with a mixture of constructed materials and vegetation.
Impervious surfaces account for 50% to 79% of the total cover.
These areas most commonly include single-family housing units.
Developed, High
Intensity
Highly developed areas where people reside or work in high
numbers. Examples include apartment complexes, row houses and
commercial/industrial. Impervious surfaces account for 80% to
100% of the total cover.
Barren Land
(Rock/Sand/Clay)
Areas of bedrock, desert pavement, scarps, talus, slides, volcanic
material, glacial debris, sand dunes, strip mines, gravel pits and
other accumulations of earthen material. Generally, vegetation
accounts for less than 15% of total cover.
Deciduous Forest
Areas dominated by trees generally greater than 5 meters tall, and
greater than 20% of total vegetation cover. More than 75% of the
tree species shed foliage simultaneously in response to seasonal
change.
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Evergreen Forest
Areas dominated by trees generally greater than 5 meters tall, and
greater than 20% of total vegetation cover. More than 75% of the
tree species maintain their leaves all year. Canopy is never without
green foliage.
Mixed Forest
Areas dominated by trees generally greater than 5 meters tall, and
greater than 20% of total vegetation cover. Neither deciduous nor
evergreen species are greater than 75% of total tree cover.
Shrub/Scrub
Areas dominated by shrubs; less than 5 meters tall with shrub
canopy typically greater than 20% of total vegetation. This class
includes true shrubs, young trees in an early successional stage or
trees stunted from environmental conditions.
Grassland/Herbaceous
Areas dominated by gramanoid or herbaceous vegetation, generally
greater than 80% of total vegetation. These areas are not subject to
intensive management such as tilling, but can be utilized for
grazing.
Pasture/Hay
Areas of grasses, legumes, or grass-legume mixtures planted for
livestock grazing or the production of seed or hay crops, typically
on a perennial cycle. Pasture/hay vegetation accounts for greater
than 20% of total vegetation.
Cultivated Crops
Areas used for the production of annual crops, such as corn,
soybeans, vegetables, tobacco, and cotton, and also perennial
woody crops such as orchards and vineyards. Crop vegetation
accounts for greater than 20% of total vegetation. This class also
includes all land being actively tilled.
Woody Wetlands
Areas where forest or shrubland vegetation accounts for greater
than 20% of vegetative cover and the soil or substrate is
periodically saturated with or covered with water.
Emergent Herbaceous
Wetlands
Areas where perennial herbaceous vegetation accounts for greater
than 80% of vegetative cover and the soil or substrate is
periodically saturated with or covered with water.
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